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Our goal is to develop countermeasures for pulmonary injury following unpredictable events such as 
radiological terrorism or nuclear accidents. We have previously demonstrated that captopril, an angiotensin 
converting enzyme (ACE) inhibitor, is more effective than losartan, an angiotensin type-1 receptor 
blocker, in mitigating radiation-pneumopathy in a relevant rodent model. In the current study we deter- 
mined the dose modifying factors (DMFs) of captopril for mitigation of parameters of radiation pneumon- 
itis. We used a whole animal model, irradiating 9- 10- week-old female rats derived from a Wistar streiin 
(WAG/RijCmcr) with a single dose of irradiation to the thorax of 11, 12, 13, 14 or 15 Gy. Our study 
develops methodology to measure DMFs for morbidity (survival) as well as physiological endpoints such 
as lung function, taking into account attrition due to lethal radiation-induced pneumonitis. Captopril deliv- 
ered in drinking water (140-180 mg/m^/day, comparable with that given clinically) and started one week 
after irradiation has a DMF of 1.07-1.17 for morbidity up to 80 days (survival) and 1.21-1.35 for tachyp- 
nea at 42 days (at the peak of pneumonitis) after a single dose of ionizing radiation (X-rays). These 
encouraging results advance our goals, since DMF measurements are essential for drug labeling and 
comparison with other mitigators. 
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INTRODUCTION 

Development of countermeasures against radiation injuries 
after a radiological attack or nuclear accident has become a 
priority in several countries [1]. A first step is to identify 
safe and effective agents that can be administered after 
unintended exposures, to neutralize damage to radiosensi- 
tive organs and tissues. In countermeasure studies, agents 



delivered after irradiation but before the onset of injury are 
termed mitigators [2]. The relative efficacies of mitigators 
identified in preclinical studies need to be quantified by 
uniform assays to enable selection of the most promising 
candidate(s). The dose modifying factor (DMF) or dose 
reduction factor (DRF), the relative dose of irradiation 
required for a given effect in the drug-treated group as com- 
pared with a radiation-only group, has been described as 
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the best measure of effectiveness. DMFs are essential to 
advance a drug for labeling as a radiation countermeasure 
[3, 4]. 

Our first goal has been to develop a suitable rat model to 
identify structural and functional derangements in the lung 
after a single, survivable radiation dose to the whole thorax 
[5-7]. This model is relevant to victims of radiological 
terrorism or accidents who receive high-dose upper-body 
exposure. Such victims have been described after nuclear 
explosions or accidents [8-10]. Our next goal was to use 
this model to identify agents that would mitigate the result- 
ing injuries when therapy was started up to one week after 
irradiation following a mass casualty event; this delay was 
selected to provide a substantial window of time for mitiga- 
tors to be delivered after biodosimetry to determine who 
needs them. Since suppressors of the renin-angiotensin 
system have been reported to attenuate radiation damage to 
the lungs of rats [6, 11, 12] and have been assessed for 
mitigation of clinical radiation injuries [13], we first tested 
these agents in our terrorism- or accident-relevant model. 
Assays were conducted between 35-80 days after radiation, 
which coincides with the first phase of lung injury: acute 
radiation pneumonitis. While an angiotensin converting 
enzyme (ACE) inhibitor, captopril, attenuated a wide range 
of radiation effects on lung structure and function, an 
angiotensin type-1 (ATI) receptor blocker, losartan, had 
more limited efficacy [6, 14]. In the current study we have 
quantified the beneficial effects of captopril by measuring 
DMFs for two endpoints (morbidity at 60 and 80 days and 
tachypnea at the peak of pneumonitis at 42 days). Because 
the steep dose response of the lungs to radiation demanded 
a need to account for attrition, we were required to develop 
methodology for determining DMFs at times when animals 
were lost to lethal pneumonitis. 

IVIATERIALS AND METHODS 

Animal model and irradiation 

The Institutional Animal Care and Use Committee (lACUC) 
reviewed and approved all protocols in this study. Rats 
(WAG/RijCmcr) were housed in a moderate security barrier. 
Unanesthetized females were irradiated at 9-10 weeks of age 
at a weight of 120-140 g, with a single dose of irradiation of 
11, 12, 13, 14 or 15 Gy limited to the thorax [5-7]. 
Irradiation was done with a 320-kVp orthovoltage source 
with a half -value layer of 1.4-mm Cu and a dose rate of 
1.43 Gy/min. The radiation dose was delivered bilaterally to 
enhance uniformity. The head, kidneys and abdomen were 
shielded while the heart and a small portion of liver were 
exposed. Irradiated rats and age-matched controls (also 
female) were housed under identical conditions in a 
moderate- security barrier. Based upon directives from the 
lACUC of the Medical College of Wisconsin, rats were con- 
sidered morbid and euthanized if they met specified 



veterinarian's criteria. These included at least three of the 
following: (i) greater than 10% loss in body weight; (ii) in- 
activity on two consecutive days, defined as no movement 
unless actively stimulated; (iii) lack of grooming that became 
worse after 24 hours; (iv) breathing rates of less than 50 or 
greater than 250 breaths per minute; and (v) hunched posture 
(similar to death pose) on two consecutive days. 

Captopril therapy 

Animals for each dose of irradiation were divided randomly 
into two groups (7-15 rats/group, see Table 1 for details) 
and one group was given the drug captopril 
(pharmaceutical-grade from Sigma, St. Louis, MO, USA). 
The drug was always started one week after irradiation and 
was continued until the end of the experiment (at 191 
days). Rats are lost to pneumonitis from 35 days to 80 days 
after thoracic irradiation [15]. In the current study only one 
irradiated animal (14 Gy with captopril) out of 41 survivors 
was lost after 80 days (at 94 days). Captopril was dissolved 
in drinking water at 300 mg/1, which delivers 30-38 mg/kg/ 
day or 140-180 mg/m^/day to a rat [6, 11, 12]; in compari- 
son the approved range for use of captopril in humans is 
12-250 mg/m^/day [16]. 

The dose of captopril we administered to the rats was 
tested for biological potency. This was accomplished by 
measuring the increase in plasma renin activity (PRA) due 
to suppression of ACE activity by the drug in unirradiated 
rats. PRA was measured by radioimmunoassay (RIA) using 
a modification of the method of Sealey and Laragh [17]. 
Systolic blood pressure was measured in unirradiated rats 
using a tail-cuff (Visitec Systems, Apex, NC). Animals 
were conditioned to the apparatus and the reported blood 
pressure was the average of three readings taken on three 
consecutive days (13, 14 and 15) after the start of captopril 
[18]. 

Measurement of breathing rates 

Breathing rates for each rat were measured every two weeks 
starting at four weeks after exposure as described 



Table 1. Animals remaining at 60 days after irradiation 





Irradiation alone 


Captopril 


Dose 
(Gy) 


Number 
irradiated 


Number 
remaining at 
60 days 


Number 
irradiated 


Number 
remaining at 
60 days 


11 


7 


7 


7 


7 


12 


7 


7 


8 


8 


13 


7 


1 


8 


6 


14 


7 


3 


8 


7 


15 


14 


0 


15 


6 
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previously [6, 7]. Rats were placed in a tight plexiglass jig 
which was put in a transparent, airtight box. A differential 
pressure transducer was connected to a data acquisition 
device (Dataq-DI 158U, Dataq Instruments Inc, Akron, 
OH, USA) to sense changes in pressure in the box. The fre- 
quency of pressure changes was recorded and analyzed. 
Recordings for a maximum of 10 min per animal after two 
training sessions were used. The training was needed to 
desensitize the rat to the jig and entire protocol in order to 
minimize stress. The mean breathing rate for each rat was 
then calculated from a minimum of four steady regions of 
the recording lasting greater than 15 s. If the measurement 
required more than 10 min of collection time, the rat was 
released and rested to prevent anxiety and drop in oxygen 
or increase in carbon dioxide inside the box. The breathing 
rate was expressed as breaths per minute. Data for breathing 
rates, blood pressure and PRA were calculated as mean± 
standard error (SE). 

Statistical methods for calculating DMF are described in 
the Results and Discussion section. 

RESULTS AND DISCUSSION 
DMF of captopril for survival 

The DMF was measured by comparison of survival of rats 
given a single dose of 11, 12, 13, 14 or 15 Gy with or 
without captopril. The dose of drug tested did not affect 
blood pressure (119 ±6 mm Hg in 10 animals on drug 
vs. 123 ±2 mm Hg in 10 age-matched rats). Captopril given 
for 10 days caused an increase in PRA to 31 ±4 ng/ml/h 
in animals on drug vs. 16 ±2 ng/ml/h in age-matched 
unirradiated rats. These results demonstrate the drug was 
biologically active. 

A Cox proportional hazards model was fitted with 
log-transformed dose and the presence of drug as predictors 
(Fig. 1) for analysis of a full survival curve truncated at the 
end of pneumonitis (80 days). The presence of the drug 



affected the survival substantially with a hazard ratio (HR) 
= 0.30 (P= .0085). The DMF was estimated as DMF = 1.10 
(SE 0.03). 

The drug was started one week after irradiation. The 
numbers of rats in each group are shown in Table 1. 

The complete dose response with five doses of irradi- 
ation is represented by gray lines while plots for each dose 
are individually highlighted in separate panels with black 
lines. As indicated in the figures, there was no morbidity 
with 11 and 12 Gy, with or without captopril. 

As an alternative, survival was considered as a binary 
endpoint and the DMF calculated by logistic regression. 
Calculation of DMF by logistic regression requires at least 
two dose groups in both control and drug-treated groups to 
have morbidity incidence that is neither 0 nor 100%. As a 
result a morbidity DMF could not be calculated for an 
interval prior to 50 days, when the first animals in the cap- 
topril group became morbid. No animals in any group 
required euthanasia for acute morbidity after 94 days, so 
that the DMF is unchanged after that time. Therefore, the 
morbidity DMF could be calculated for any interval 
between 50 and 94 days. At 60 days (Table 1 and Fig. 2) 
the morbidity DMF was 1.13 (SE 0.04); calculations of 
DMF for another interval, 80 days, give a similar value. 

To our knowledge these are the first reports of a statistic- 
ally significant DMF of captopril for mitigation of the 
effects of whole thoracic irradiation. At 13 Gy there was at 
least a 2-fold decrease in morbidity in rats given captopril 
(also see Table 1). The morbidity observed in Fig. 1 should 
be primarily due to pneumonitis since the lung is the most 
radiosensitive organ in the field, though we cannot elimin- 
ate the effect of radiation to the heart. 

DMF of captopril for mitigating tachypnea 
at the peak of pneumonitis 

Lung-specific injury was evaluated by measuring the 
increase in breathing rate caused by pneumonitis, since this 




Fig. 1. Kaplan-Meier plots of survival by radiation dose and treatment; survival truncated at 80 days. 
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Fig. 2. Observed and fitted probability of 60-day survival with 
exact binomial 95% confidence intervals versus radiation dose on 
log-scale. The X-coordinates of the observed values have been 
shifted slightly to avoid overlaps. The observed values are shown 
for captopril-treated (A) and age-matched animals {%)■ 
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Fig. 3. Observed and fitted mean breathing intei'val at 42 days 
with 95% bootstrap confidence limits versus radiation dose on log 
scale. The X-coordinates of the observed values have been shifted 
slightly to avoid overlaps. The observed values are shown for 
captopril-treated (A) and age-matched animals 



Table 2. Effect of breathing rate measured at 28, 42 and 56 
days (four, six and eight weeks) on residual survival based 
on Cox regression stratified by treatment group 



Time (days) 


Hazard 
ratio (HR) 


95 %c Confidence 
interval (CI) 


P value 


28 


1.002 


0.977-1.027 


0.883 


42 


1.008 


1.001-1.015 


0.020 


56 


1.019 


1.006-1.032 


0.005 



is a simple non-invasive assay in rats. It can therefore be 
used to screen multiple agents and schedules. While breath- 
ing rates are non-invasive and can be measured serially 
over time, this parameter alone may not detect significant 
changes in lung physiology because of large breathing 
reserve. For tachypnea, the DMF was measured by com- 
parison of irradiated rats given a single whole-thoracic dose 
of 11,12,13,14 or 15 Gy with or without captopril. 
Breathing rates increased after four weeks and peaked at six 
weeks (42 days) after irradiation, confirming the lung dys- 
function in rats represented in Fig. 1 . 

We first examined the effect of breathing rates on 
residual survival, i.e. the survival after the measurement, 
using stratified Cox regression. The treatment groups form 
the strata. The effects of four-, six- and eight-week breath- 
ing rates were evaluated separately. Table 2 shows the 
results of this analysis. Both six- and eight-week breathing 
rates are predictive of the residual survival, with higher 
breathing rate associated with higher hazard of death, i.e. 
shorter survival. 

Breathing rate exhibited substantial variability, and thus 
Box-Cox analysis with a saturated model (each treatment- 



dose combination having an individual mean) was used to 
find the optimal power transformation. The estimated expo- 
nent of -0.55 implies that the inverse of breathing rate, the 
breathing interval (the number of seconds per breath) is 
most suited as a response variable. Since higher breathing 
rate and lower breathing interval are associated with more 
damage, the 42-day breathing interval was set to 0 for 
animals that died before this time. 

Figure 3 shows the observed and fitted mean breathing 
interval at 42 days as a function of log-radiation dose. We 
estimated that the drug increased the breathing interval by 
2.40 ms (P< 0.0001). The DMF for this outcome was esti- 
mated to be 1.28 (SE 0.07). We used breathing rates at 42 
days to determine the DMF of captopril because it corre- 
sponds to the peak in breathing rates in irradiated non- 
treated rats and also because rats were being rapidly lost to 
morbidity at later times with the higher doses of irradiation. 

Incidental use [19, 20] and clinical trials of captopril 
[21] in irradiated lung cancer patients or patients receiving 
total body irradiation for bone marrow transplantation [13] 
demonstrated safety of this drag after radiation to the lungs. 
There is evidence that ACE inhibitors can mitigate radiation 
injuries to other organs [12, 22-24] enhancing the benefit 
of captopril as a radiomitigator. In addition, earlier studies 
indicated that multiple ACE inhibitors, including captopril 
[11, 25, 26], CL242817 [11, 25, 26] and CGS13945 [26] 
reduced radiation-induced pulmonary endothelial dysfunc- 
tion. Those investigations employed partial volume irradi- 
ation to one lung with doses above 15 Gy. Because only 
one lung was injured the treatments were not lethal. Such 
models are less relevant to radiological terrorism and were 
designed for cancer therapies. Since these exposures did 
not affect survival, markers of endothelial dysfunction were 
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used as surrogate endpoints to express the injury that 
resulted. The DRFs by the ACE inhibitors CGS 13945 [26] 
and CL242817 for the endothelial marker plasminogen acti- 
vator in these studies, were between 1.3 and 1.5 [25, 26] 
Functional endpoints such as survival or breathing rate 
were not evaluated [25, 26]. 

We have demonstrated histopathological changes in the 
lung (the gold standard for demonstrating radiation pneumon- 
itis) between 28 and 56 days after single doses to the 
thorax in the same model described here. These changes 
corresponded with a rise in breathing rates [6, 7]. Captopril 
mitigated the changes observed after 56 days [6]. In addition 
to breathing rate and histology we have described at least 
eight other structural and radiation-induced functional 
derangements in the lungs at this time, including changes in 
the bronchoalveolar lavage, vascular reactivity, pulmonary 
vascular resistance, pulmonary arterial distensibility, pulmon- 
ary vascular density, etc. [5-7] These studies confirm that the 
morbidity and increase in breathing rate that we report here 
are due to radiation pneumonitis, although, as mentioned, the 
heart was also in the field. There was no deterioration in the 
heart after 10 Gy irradiation to the thorax only [27]. 
It is reported that doses around 15 Gy or above are required 
to injure the heart after partial body or localized exposures 
[27-33]. 

We used partial body irradiation, restricted to the thorax 
of rats in our study. There are two important reasons why 
we restricted irradiation to the thorax to measure the DMF 
for mitigation of lung injury by the ACE inhibitor captopril. 
(i) ACE inhibitors have been reported to mitigate radiation 
injuries to other organs such as kidney [34, 35], brain [36] 
and skin [37], thus mitigation of morbidity after total body 
irradiation (TBI) could reflect factors other than lung 
injury, (ii) Radiation doses sufficient to cause pneumonitis 
will first cause hematopoietic or gastrointestinal lethality in 
rats given TBI. Our model is relevant to victims who may 
survive partial body irradiation that shields the bone 
marrow and gut while exposing the whole volume of both 
lungs. Studies using TBI will evaluate the benefit of the 
drug in the context of multiple organ failure, a common 
effect of acute radiation injury. With a technique to 
measure DMF for lung function using breathing rates as an 
endpoint, we are now better prepared to test lung damage 
in more complicated models to assess other agents and 
schedules. Our model includes a single dose of thorax radi- 
ation at a relatively high dose rate, in the absence of any 
pharmacological anesthetic or inhalation agent, and is 
designed to simulate an unexpected radiological event. 

The window of one week that we used before starting 
the drug would allow biodosimetry and other evaluation of 
risk to the lungs in a mass casualty event, as well as avoid- 
ing acute gastrointestinal toxicities that may be aggravated 
by oral intake [38]. 



Other agents have been described to mitigate radiation 
pneumonitis using models relevant to accidental exposures. 
Since reactive oxygen species are generated by irradiation, 
superoxide dismutases (SODs) such as the Eukarion class 
of drugs were tested in rats [39, 40]. Eukarion 207 (deliv- 
ered by subcutaneous pumps) reduced tachypnea in female 
Sprague Dawley rats irradiated with 10 Gy to the lungs 
only. Survival was not assessed in these studies as all irra- 
diated rats survived. The soy isoflavone genistein (given in 
the food) had similar effects [39]. In a different model 
(12 Gy to the lung with or without TBI (4 Gy)) one of four 
schedules of genistein mitigated tachypnea during pneu- 
monitis but did not improve survival. Another SOD 
mimetic, Mn porphyrin (MnTE-2-Py^"^), again delivered by 
subcutaneous pumps was given to Fischer-344 rats after 
irradiation of one lung with 28 Gy [41]. This partial lung 
irradiation was not lethal. Histopathology of the irradiated 
lung after 10 weeks was improved if the drug was started 2, 
6 and 12 h after irradiation but not at 24-72 h. Statins 
(lovastatin) improved survival of female C57BL/6 mice 
when given immediately or eight weeks after 15 Gy to the 
thorax [42]. The breathing rates however were not altered 
by the drug. To our knowledge, the DMFs for survival or 
tachypnea induced by radiation have not been measured for 
any drug, making this one of the first such reports. 

In summary our studies demonstrate that acute radiation 
pneumopathy can be mitigated in female rats by captopril, 
an agent that suppresses the renin-angiotensin system. The 
drug can be started one week after irradiation. The results 
need to be confirmed with male animals, younger or older 
rats and in other species. The present study establishes 
basic techniques for assessing DMFs. 

This study describes a DMF of 1.1 and 1.28 by capto- 
pril for improvement of morbidity and tachypnea, respect- 
ively. Tachypnea is a more sensitive endpoint of radiation 
lung injury than survival because it can be measured as a 
continuous variable. A DMF of 1.1 means that on 
average a 10% higher dose of radiation can be tolerated 
when captopril is given in this schedule. However, 
because the sigmoidal dose-response curve for survival 
from lung injury is so steep, there may be minimal effect 
at the highest and lowest tolerated doses and more 
benefit at doses in between. No radio-mitigator has been 
approved for use by the US Food and Drug 
Administration (FDA), so it is not known what effect is 
sufficient for a countermeasure to be approved. Mitigation 
regimens have achieved DMFs of 1.23 in kidney [18], 
1.13-1.18 in the gastrointestinal tract [43, 44], 1.1-1.5 in 
skin [45] and 1.1-1.5 for marrow [46, 47]. To our 
knowledge this is the first mitigator (i.e. a drug started 
after irradiation) in which a statistically significant DMF 
for radiation pneumonitis has been determined for single 
dose, whole-thorax radiation. 
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Results described here achieve an important step 
forward towards our goal, to identify and develop radio- 
mitigators for delayed radiation injuries. The next steps 
will be to extend testing to large animal models and to 
understand the mechanism(s) of mitigation by captopril in 
order to address the FDA 'Animal Rule' [25, 26]. For a 
drug to be considered for marketing approval in the 
USA, it must satisfy the 'Animal Rule' [48, 49] when 
human studies are not ethical, and clearly irradiation of 
normal humans to test mitigators is not ethical. Exposure 
of large volumes of the lungs to irradiation would fall 
into this category. Our study clearly addresses two of the 
four important considerations defined by the FDA that 
need to be met to develop captopril as a mitigator of ra- 
diation pneumonitis after accidental exposure. The first is 
that the animal study endpoints must correlate to 
increased survivability or prevention of significant mor- 
bidity in humans. The second is that the pharmacokinetic 
and pharmacodynamic data for the proposed product are 
available and can be used to select an effective dose in 
humans. The third is that a therapeutic or beneficial 
effect of the drug must be demonstrated in more than one 
species, which we have only partially addressed. The 
fourth requirement is a detailed understanding regarding 
the mechanism of toxicity of radiation in humans and the 
mechanism by which the drug reduces or prevents 
adverse effects. While the mechanism of radiation pneu- 
monitis is unclear we have observed lung vasculopathies 
following single dose radiation exposure in rats. ACE 
inhibitors have multiple actions that affect the vasculature 
and could be responsible for radiation mitigation such as 
inhibiting angiotensin II formation, increasing bradykinin 
[51] and angiotensin-(l-7) levels [52], and blocking 
matrix metalloproteases-2&9 that affect vascular remodel- 
ing [53, 54]. Further research is necessary to investigate 
the mechanism through which captopril mitigates radi- 
ation injury to the lung. 
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